The chemo-and stereoselective aspects of the rhodium-catalyzed [m+n+o] carbocyclization reactions of carbon and heteroatom tethered 1,6-enynes with dienes and alkynes are described. The inter-and intramolecular rhodium-catalyzed [4+2+2] carbocyclization reactions provide a convenient and highly diastereoselective approach to bicyclooctanoids, in which the intramolecular version utilizing a temporary silicon-tether circumvents the issues of poor selectivity and reactivity with substituted dienes. The crossed intermolecular rhodium-catalyzed [2+2+2] carbocyclization reaction provides a convenient approach to bicyclohexadienes, in which the regio-and enantioselective variant addresses the challenges with the regiochemical incorporation of unsymmetrical alkynes.
Introduction
The complex polycyclic diterpenes and sesquiterpenes 1-6, which are representative of a larger class of natural products, can be envisioned has having striking structural homology both in terms of their architecture and stereochemistry. 1, 2 For example, compounds 1-3 each have a 5,8-bicyclic core, which is decorated with an array of hetero-and carbocyclic rings; whereas the 4-6 have a 5,6-bicyclic core, with annulated lactones and/or cyclic ether, wherein the degree of oxygenation provides the greatest structural diversity. The structural similarities provided the impetus to develop the following metal-catalyzed higher-order carbocyclization reactions that represent an enabling methodology for the expeditious synthesis of these types of natural products.
Picrotoxinin ( We envisioned that both classes of natural products would be derived from a suitably functionalized 1,6-enyne through the requisite transition metal-catalyzed [m+n+o] carbocyclization reaction. 3 These transformations represent powerful methods for the construction of complex polycyclic systems, since they enable reactions that are generally not accessible through classical pericyclic reactions. Hence, the metal-catalyzed [4+2+2] and [2+2+2] carbocyclization reactions of the 1,6-enyne i should furnish the octanoid ii and cyclohexadiene iii derivatives that are present in the diterpenes and sesquiterpenes (vide supra). 4, 5 The following discussion represents a summary of the invited seminar presented at the 
Rhodium-Catalyzed [4+2+2] Carbocyclization Reactions
We envisioned that the metal-catalyzed intermolecular [4+2+2] cycloaddition of the 1,6-enyne derivatives i with 1,3-butadiene would facilitate the construction of bicyclic eight-membered hetero-and carbocycles ii in accord with the mechanistic hypothesis outlined in Scheme 1.
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Complexation of the tethered 1,6-enyne and 1,3-butadiene with the rhodium catalyst forms the metal-complex A, which upon oxidative coupling should afford the metallacycle B, formally a 14-electron Rh(III)-complex. Coordination of an additional butadiene ligand in η 2 -fashion will lead to complex C, which should lead to the formation of the [4+2+2] carbocyclization adduct ii.
The merit of this approach is the ability to significantly increase the molecular complexity of the product through the introduction of additional ring(s) and stereogenic centers. Moreover, given the significant stereoelectronic difference between the enyne and diene components, it should be possible to suppress the homo-carbocyclization and/or oligomerization. Preliminary studies tested the feasibility of this hypothesis, as outlined in 3 ] under an atmosphere of 1,3-butadiene in refluxing toluene, furnished a trace amount of 8a (Entry 1), owing to the propensity for the 1,6-enyne 7a to undergo homo-cycloaddition to afford 9a (ds ≥19:1). Gratifyingly, the silver triflate modified rhodium-catalyst, furnished the desired carbocyclization adduct 8a in 85% yield (Entry 2) . The ability to alter selectivity in this manner prompted additional studies to explore the effect of various silver salts on the carbocyclization (Entries 2-5). Interestingly, a rather intriguing trend in selectivity emerged from this study. In the extreme case, the hexafluoroantimonate counter-ion completely reverses the selectivity for heterocarbocyclization in the presence of 1,3-butadiene, to afford the homo-dimer 9a in 89% yield. The origin of this selectivity was attributed to the propensity for these catalysts to promote oligomerization of 1,3-butadiene, thereby reducing its effective concentration. Analysis of the crude reactions confirmed this hypothesis, in which the silver triflate modified catalyst lead to the least amount of oligomer and thus explained the origin of the excellent selectivity for the hetero-carbocyclization (Entry 2). Table 2 outlines the examination of the influence of various heteroatom tethers and alkyne substitution on the rhodium-catalyzed [4+2+2] carbocyclization. This study demonstrated that nitrogen, sulfur and oxygen containing tethered enynes furnish the corresponding carbocyclization adducts in excellent yield and with analogous selectivity. 10 The carbocyclization is tolerant of both substituted and unsubstituted alkynes, producing only trace amounts of the enyne cycloisomerization and alkene isomerization products. Moreover, the sulfone tethers provide new substrates for carbocyclization reactions that utilize tethered enynes. 
Diastereoselective Rhodium-Catalyzed [4+2+2] Carbocyclization Reactions
Encouraged by the results in Table 2 , we decided to examine the diastereoselective intermolecular rhodium-catalyzed [4+2+2] carbocyclization using a C-2 substituted 1,6-enyne. Preliminary attempts revealed that although the carbocyclization was feasible, the reaction required reduced concentration to suppress unwanted side reactions. Treatment of the enyne 10a (R = Np) under the optimized reaction conditions (0.0625M) using silver triflate modified Wilkinson's catalyst, furnished the azabicycles 11a/12a in 91% yield, as a ≥19:1 mixture of diastereoisomers favoring 11a (eq 1). The stereochemistry was confirmed by X-ray crystallography, which established the anti-relationship of the protons at C-2/C-3 (as labeled). In light of the success with the naphthyl substituted 1,6-enyne 10a, we elected to examine other substituents in order to determine the generality of this transformation. 6, 11, 12 Surprisingly, the extension of this methodology to other C-2 substituted 1,6-enynes, particularly alkyl derivatives, afforded only trace amounts of the product thus indicating that the original catalyst was highly substrate dependent. For example, treatment of the enyne 10b (R = Me) with this catalyst in the presence of 1,3-butadiene, afforded only trace amounts of the carbocycle 11b/12b (<5%). (1) Table 3 summarizes the examination of various precatalysts and ligands in an attempt to develop a more general reaction. Bidentate phosphine ligands were initially explored (Entries 1-3), which with the exception of ethane-1,2-diylbis(diphenylphosphine) (dppe) (Entry 1), provided analogous results to Wilkinson's catalyst. Various monodentate trialkyl phosphines were also examined, as exemplified by tricyclohexylphosphine and tri-n-butylphosphine (Entries 4 and 5), which afforded the desired product as a single diastereoisomer with improved yield. Based on the improved efficiency demonstrated with the electron-rich monodentate ligands, we speculated that strong σ-donation might be a crucial component for catalytic turnover in this particular reaction. 19, 20 Gratifyingly, the utilization of the rhodium(I) NHC complex, RhCl(IMes)(COD), provided a remarkable improvement in the overall efficiency of the reaction, in which the cyclooctanoid 11b was obtained in 75% yield, as a single diastereoisomer (Entry 6). 21, 22 In light of this result, we decided to examine the substrate scope of this catalyst for a variety of C-2 substituted 1,6-enynes, since it demonstrated considerable promise as a potential solution to the [4+2+2] reaction and also represents a novel catalyst for carbocyclization reactions. Table 4 summarizes the reactions of various enynes 10b-m with silver triflate modified RhCl(IMes)(COD) in the presence of excess 1,3-butadiene. In all cases the rhodium-catalyzed [4+2+2] carbocyclization reaction proceeds with excellent diastereocontrol affording the desired carbocyles 10b-m in high yield. This catalytic system works efficiently with various linear and branched alkyl and benzyl substituents at the C-2 position (Entries 1-5). Interestingly, the reaction is also tolerant of a free hydroxyl group, albeit resulting in lower yield (Entry 6). Presumably, the free hydroxyl group's ability to coordinate the metal center is responsible for the lower the efficiency of the reaction. In line with this reasoning, protection of the hydroxyl substituent allowed for improved efficiencies (Entry 7-8). Likewise, the catalytic system is tolerant of functional groups such as esters, other olefins, and aryl groups (Entries 9-12). 
We envisioned that the application of this methodology to substituted alkenes would further highlight the synthetic utility of this catalyst through the introduction of an additional stereogenic center. Moreover, alkene substitution is often poorly tolerated, given that these substrates are prone to enyne cycloisomerization. 10 Gratifyingly, the treatment of the enyne 13 under the standard [4+2+2] carbocyclization conditions, using the RhCl(IMes)(COD) catalyst, furnished the carbocycle 14/15 in 70% yield, with ≥19:1 diastereoselectivity favoring 14 (eq 2).
Intermolecular Silicon-Tethered Rhodium-Catalyzed [4+2+2] Cycloisomerization Reactions
Despite the important advances in the intermolecular rhodium-catalyzed [4+2+2] carbocyclization for a series of heteroatom-tethered 1,6-enynes with 1,3-butadiene, additional studies aimed at broadening the scope of this reaction demonstrated that substituted dienes were either unreactive or afforded mixtures of regioisomers. 23 Hence, we envisioned that tethering the diene to the 1,6-enyne, thereby rendering the process intramolecular, would circumvent problems associated with low reactivity and poor regioselectivity. 
Scheme 2. Intramolecular silicon-tethered rhodium-catalyzed [4+2+2] cycloisomerization
Since the seminal work of Nishiyama 24 and Stork 25 on the use of "temporary silicon tethers" (TST) in free radical cyclization reactions, this strategy has been employed extensively in target directed synthesis. 26 The most attractive features of the TST strategy are: i) the reactive components are generally easily tethered, ii) the tethers provide intramolecularity, which render the processes regiospecific and stereoselective, and iii) the tethers incorporate latent functionality that can be further manipulated. Despite the multitude of transformations that have successfully employed a temporary silicon-tether, there remains a paucity of metal-catalyzed carbocyclization reactions employing this strategy. 27 Nonetheless, we anticipated that application of the TST approach to the rhodium-catalyzed [4+2+2] carbocyclization reaction would provide rapid entry into various polycyclic octanoid derivatives having latent functionality necessary for further synthetic manipulation. Moreover, the inability to incorporate carbon tethers in the intermolecular reaction manifold prompted the reexamination of this tether in the context of the present reaction, viz. intramolecularity of the π-components. Hence, it was expected that the competing ene-cycloisomerization observed in the intermolecular reaction with carbon-tethered 1,6-enynes would be minimized.
10 Table 5 . Preliminary studies tested the validity of this hypothesis, as outlined in Table 5 . Attempted cycloisomerization of enyne (Z)-16 (where X = NTs, R = H) using the reaction conditions successfully employed for the intermolecular reaction, led to the formation of a complex reaction mixture (Entry 1), 6 as did the rhodium-N-heterocyclic carbene catalyst (Entry 2).
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It is well established that the counter-ion of the silver salt additive is often highly significant in modifying the properties of the active catalytic species to thereby facilitate the requisite carbocyclization reaction. Interestingly, the hexafluoroantimonate counter-ion proved optimum in this regard, which is orthogonal to the trend observed for the intermolecular reaction (Entry 3). 6 In order to further improve the efficiency and obviate the necessity for an in situ modification of the precatalyst, we elected to examine the Wender catalyst ([(COD)Rh(Np)]SbF 6 ). 28 Although this catalyst initially afforded only modest improvement (Entry 4), the efficiency could be dramatically improved using the more coordinating solvent, acetonitrile (Entry 5). Table 6 summarizes the scope of the intramolecular rhodium-catalyzed [4+2+2] cycloisomerization reaction. This study demonstrated that nitrogen and oxygen tethers could be utilized (Entries 1-8) , however, the sulfone tethers (where X = SO 2 ), which were utilized in the intermolecular reaction, proved unsuitable for this particular transformation. Interestingly, not only were the carbon-tethered enynes effective substrates, but they proved to be the most efficient tethers examined (Entries 9-12). This reaction also proceeds efficiently with 1,3-disubstituted dienes, thereby circumventing the regiochemical problems associated with the intermolecular version (Entries 2, 4, 6, etc.) . 23 The ability to vary the olefin geometry results in The stereospecificity with respect to the olefin geometry is consistent with the intermolecular case. 11 Moreover, while the origin of diastereocontrol with respect to the diene is not completely certain, it is consistent with an identical orientation of the diene in each case. This can presumably be attributed to non-bonding interaction between one of the isopropyl groups on silicon, and the protons on the 1,3-butadiene derivative.
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The origin of the diastereoselectivity is currently being probed theoretically.
Crossed Intermolecular Rhodium-Catalyzed [2+2+2] Carbocyclization Reactions
The metal-catalyzed [2+2+2] reaction of a tethered 1,6-diyne has been employed extensively as a tactic for the construction of various natural product skeletons. 5 Despite the myriad of studies We envisioned that this type of carbocyclization would facilitate the rapid increase in molecular complexity, through the ability to introduce stereoelectronically orthogonal alkynes in a selective fashion. Moreover, this strategy would readily access the sesquiterpenes 4-6. The mechanistic hypothesis for the desired carbocyclization outlined in Scheme 4, draws from the seminal studies of others. [30] [31] [32] It was anticipated the terminal acetylenic C-H bond of the tethered enyne i should undergo an oxidative insertion to afford A. Coordination of the free alkyne B followed by hydrometallation should lead to the formation of C, en route to the key metallacyclopentadiene D. 36 Intramolecular migratory insertion across the tethered alkene, followed by a reductive elimination of metallacycle E, should then afford the [2+2+2] carbocyclization adduct iii. We reasoned that selective intermolecular [2+2+2] carbocyclization would be feasible, since alkyne B should preferentially undergo carbometallation with A, provided the concentration of alkyne B was such that it would avoid competition with the intramolecular migratory insertion of the alkene in D, or reaction with itself. Preliminary studies tested this hypothesis by screening various reaction conditions, as outlined in Table 7 . Treatment of the enyne 7a (X = NTs, R = H) with silver triflate modified Wilkinson's catalyst in the presence of excess dimethyl acetylenedicarboxylate (Y/Y = CO 2 Me) in ethanol at 60 °C, furnished the bicyclohexadiene 21a in 17% yield (Entry 1). Additional studies examined the effect of solvent (Entries 1-3) , concentration (Entries 3-5), and temperature (Entries 5-7), in an attempt to optimize for the desired carbocyclization reaction. Gratifyingly, the non-coordinating solvent benzene (0.05 M) at 60 °C proved optimum, affording 21a in 95% yield (Entry 5). 35 Interestingly, the homodimerization adduct was not observed, whereas the product resulting from the competitive trapping of the metallacyclopentadiene D with a second equivalent of dimethyl acetylenedicarboxylate was produced in varying amounts, depending upon the concentration. Furthermore, the terminal acetylenic proton of the 1,6-enyne 7a proved to be crucial for catalytic activity, since the corresponding substituted derivatives, where R = Me, Ph or TMS, did not afford any of the carbocyclization adduct. Table 8 outlines the examination of the influence of various tethers and the scope of alkyne substituents that are tolerated. This study demonstrated that nitrogen, carbon, and oxygen containing tethered enynes furnish the corresponding bicyclohexadienes 21a-i in good to excellent yield. Examination of the alkyne scope revealed that the reaction was optimal for the 1,2-disubstituted alkynes bearing electron withdrawing groups, i.e. dimethyl acetylenedicarboxylate, bis-phenyl ketone and bis-dimethylamide, albeit slightly less efficient in the latter case. Interestingly, diphenylacetylene (Y/Y = Ph) furnished only a trace amount of the carbocyclization product, thereby confirming the necessity for a strongly electron withdrawing group on the alkyne. In order to further demonstrate the potential synthetic utility of this transformation and the importance of a terminal alkyne, we elected to examine the regioselective version utilizing an unsymmetrical alkyne (eq 3). Treatment of the 1,6-enyne 23 with methyl propiolate in the presence of Wilkinson's catalyst modified with silver triflate, furnished the azabicycles 24/25 in 84% yield, in a highly regioselective manner (≥19:1 by NMR). 37 The regioselective outcome for this transformation was confirmed by X-ray crystallographic analysis of 24. The origin of the excellent regioselectivity can be rationalized by considering the putative metallacycle intermediates, as outlined in Fig. 2 . Provided the metallacycle intermediates are formed in an analogous manner outlined in Scheme 4, the 1,6-enyne 23 with methyl propiolate should lead to the formation of I and II, in which II would be unable to undergo the intramolecular carbocyclization due to geometrical constraints. 38 The efficiency of the carbocyclization and absence of homo-dimerization products is consistent with the notion that either the metallacycle formation is reversible, allowing the equilibration of I and II, or that I is formed selectively. Additional studies are now underway to provide additional support for this hypothesis. 
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Regio-and Enantioselective Intermolecular Rhodium-Catalyzed [2+2+2] Carbocyclization Reactions
Although the intermolecular metal-catalyzed [2+2+2] carbocyclization reaction of carbon and heteroatom tethered 1,6-enynes with symmetrical 1,2-disubstituted alkynes has been described, a significant challenge with this process is the ability to regioselectively incorporate unsymmetrical 1,2-disubstituted alkynes. 5, [30] [31] [32] Furthermore, despite the myriad of metalcatalyzed carbocyclization reactions, the enantioselective version of the metal-catalyzed [2+2+2] carbocyclization of a 1,6-enyne has not been described. In light of these significant challenges, we sought to develop the combined regio-and enantioselective metal-catalyzed [2+2+2] carbocyclization reaction with unsymmetrical 1,2-disubstituted alkynes, and thereby provide a new paradigm for this type of transformation. 39 Preliminary studies focused on the development of the regio-and enantioselective version of the rhodium-catalyzed [2+2+2] carbocyclization using the 1,6-enyne 7a as outlined in Table 9 . Treatment of 7a with excess methyl phenylpropiolate and the chiral complex derived from silver triflate modified [RhCl(COD)] 2 with (S)-BINAP in benzene at 60 °C, furnished the bicyclohexadienes (S)-26a/(S)-27a in 27% yield as a 2:1 mixture of regioisomers (Entry 1). 40 Although the overall efficiency and regioselectivity were not particularly encouraging, the major isomer (S)-26a was obtained with high enantioselectivity (86% ee). Previous studies demonstrated that the overall efficiency could be improved dramatically by simply adjusting the nature of the solvent and/or counter-ion. 35 In light of this fact, we probed the effect of coordinating solvents, and silver salts with progressively weaker coordinating counter ions (Entries 2-5). Gratifyingly, the ethereal solvent tetrahydrofuran in combination with the tetrafluoroborate counter ion proved optimal in terms of efficiency (Entry 5), since these conditions completely suppressed the undesired homo-coupling of 1,6-enyne 7a. Additional optimization focused on the nature of the chiral phosphine ligand to improve and potentially understand the factors that control regioselectivity (see Fig. 1 ). Interestingly, switching to (S)-Xyl-BINAP led to significantly improved regioselectivity (Entry 5 vs. 6). Hence, the more sterically hindered bisphosphine can more effectively discriminate the termini of methyl phenylpropiolate (Ph vs. CO 2 Me). The more π-acidic (S)-DIFLUORPHOS ligand, which has a narrower dihedral angle than (S)-Xyl-BINAP, furnished the product with diminished regioselection, albeit with higher enantioselectivity (Entry 7). 41 In accord with this observation, the dipyridyl-phosphines CTH-(S)-P-PHOS and (S)-Xyl-P-PHOS ligands, which possesses a dihedral angle similar to (S)-DIFLUORPHOS, afforded excellent enantioselectivity, in which (S)-Xyl-P-PHOS provided the optimum ligand in terms of regioselectivity (Entry 9). 42 This trend is analogous with the improvement observed for the switch from the (S)-BINAP to (S)-Xyl-BINAP ligand (Entry 5 vs. 6), presumably due to similar reasoning. Table 10 summarizes the application of the optimized reaction conditions (Entry 9) to the various carbon and heteroatom tethered 1,6-enynes using an array of methyl p-substituted arylpropiolates. Interestingly, the carbocyclization reaction is highly enantioselective regardless of the nature of the enyne tether and/or the aryl substituent, whereas the yield and/or regioselectivity are influenced by these parameters. For example, although all the enynes undergo regioselective carbocyclizations, the nature of the tether has a profound influence on the level of regiocontrol (O >> NTs > C(CO 2 Me) 2 ). Similarly, the overall efficiency and regioselectivity can be directly related to the electronic nature of the aryl substituents. This trend is particularly prominent with carbon tethers (Entries 7-10), whereas regioselectivity and efficiency are somewhat affected in the nitrogen (Entries 2-5) and oxygen tethers (Entries 12-15) respectively. Overall, this work now provides access to previously unknown enantiomerically enriched bicyclohexadienes that are useful synthons for target directed synthesis. In order to further demonstrate the scope of this transformation, we elected to examine an alternative electron-withdrawing group within the alkyne. Treatment of the 1,6-enyne 7a under the optimized reaction conditions with 4-phenyl-3-butyn-2-one, furnished the bicyclohexadienes 29a/30a (R = H) in 86% yield, with ≥19:1 regioselectivity and 95% ee for 29a (eq 4). Additionally, we envisioned the application of this methodology to a substituted 1,6-enyne 28 (R = Me) would facilitate the enantioselective introduction of a quaternary carbon stereogenic center, which would be a particularly attractive feature of this methodology. 43 In conclusion, we have developed a series of rhodium-catalyzed [4+2+2] and [2+2+2] carbocyclization reactions that address chemo-and stereoselectivity for the construction of complex polycyclic skeletons that are applicable to various natural products. Additional studies on the development and application of this novel methodology to the total synthesis of natural products are currently underway in the group.
